We present a flexible and compact experimental setup that combines an in vacuum liquid jet with a x-ray emission spectrometer to enable static and femtosecond time-resolved resonant inelastic soft x-ray scattering (RIXS) measurements from liquids at free electron laser (FEL) light sources. We demostrate the feasibility of this type of experiments with the measurments performed at the Linac Coherent Light Source FEL facility. At the FEL we observed changes in the RIXS spectra at high peak fluences which currently sets a limit to maximum attainable count rate at FELs. The setup presented here opens up new possibilities to study the structure and dynamics in liquids.
I. INTRODUCTION
X-ray emission spectroscopy (XES) and resonant inelastic x-ray scattering (RIXS) probe the valence electronic structure in an atom specific and chemical state selective manner.
1,2 The cross section of a RIXS process is defined by the projection of valence molecular orbitals on the localized atomic core orbitals. In combination with stringent symmetry selection rules RIXS measurements provide the experimental analogue of the theoretical decomposition of molecular orbitals to a linear combination of atomic orbitals. 1, 3 In addition, nuclear and electronic wavepacket dynamics on the intrinsic femtosecond time scale of core excited species can be clocked.
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These experiments rely on the high average brilliance of a) kristjan.kunnus@helmholtz-berlin.de b) Current address: Institute for Methods and Instrumentation for Synchrotron Radiation Research, Helmholtz-Zentrum Berlin GmbH, Albert-Einstein-Str. 15 , 12489 Berlin, Germany c) Current address: Paul Scherrer Institut, 5232 Villingen PSI, Switzerland d) stecher@gwdg.de e) wernet@helmholtz-berlin.de f) alexander.foehlisch@helmholtz-berlin.de modern third generation synchrotron radiation sources. With the advent of femtosecond x-ray pulses from soft xray FELs, XES and RIXS can be brought into the time domain to excite and follow molecular and chemical dynamics in a pump-probe approach. 7, 8 In particular, when it comes to following molecular dynamics in solution with time-resolved x-ray spectroscopic techniques, the photon-in and photon-out based method of time-resolved RIXS (tr-RIXS) in the soft x-ray range uniquely complements femtosecond time-resolved soft x-ray absorption spectroscopy (tr-XAS). [9] [10] [11] [12] [13] [14] [15] The potential of femtosecond tr-RIXS has been recently demonstrated by the experimental determination of the high density and low density liquid phases of silicon 16 , which stands for the transient phases of tetragonally bound solids, including the phase diagram of ice and water.
In this work we report on the properties of a dedicated experimental station for femtosecond time resolved XES and RIXS for liquid phase molecular dynamics and chemistry. The design of the setup is based on the experience of previous realizations of steady-state soft x-ray RIXS studies of liquids. [17] [18] [19] [20] It can be utilized as a transportable and flexible instrument both at synchrotron radiation sources and at the soft x-ray beamlines of the LCLS at the SLAC National Accelerator Laboratory 21 or other FEL facilities.
In a first step we describe and characterize thoroughly the science and FEL-technology driven design parameters of the setup (Section II). In a second step we show how the experimental results on identical samples compare for the exposure to synchrotron and FEL radiation (Section III). In particular, we measured RIXS spectra of typical solvents (methanol and ethanol) and a solute (Fe(CO) 5 at 1 mol/l concentration in ethanol) and we compare in detail the spectra and parameters of the different light sources. With this we show that over a wide range of FEL radiation parameters the short duration, high brilliance pulses of the FEL can be utilized to obtain equivalent spectral information to the synchrotron. These measurements demonstrate the experimental methodology and feasibility of femtosecond tr-RIXS in liquid systems.
II. THE EXPERIMENTAL SETUP
The experimental setup is depicted schematically in Figure 1 and in greater technical detail in Figure 2 . The main components are an in vacuum liquid jet and a RIXS spectrometer consisting of a slit, gratings and a detector. Details of both are discussed below. Differential pumping stages with elongated pin holes are used to decouple the beamline vacuum ( Figure 2 , typical pressure p 1 = 10 −8 mbar) from the pressure in the main chamber (typically p 2 = 10 −3 mbar). A thin x-ray transparent Cparylene foil is used to decouple the detector environment from the main chamber giving a typical detector pressure of p 3 = 10 −8 -10 −6 mbar. A GaAsP diode can be mounted to find spatial overlap between the x-ray beam and the liquid jet and to record total fluorescence yield x-ray absorption spectra. Tools to find spatial and temporal overlap of optical laser and x-ray beams in tr-RIXS experiment can be easily mounted. These are described in detail in Ref. 22 .
A similar experimental chamber with a liquid jet has already been used at the FLASH FEL facility in Hamburg for the investigation of the interaction of FEL radiation with water and solid samples in combination with ultrafast x-ray scattering and optical/UV spectroscopy techniques.
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A. The liquid jet: sample delivery One key part of the experimental station presented here is a sample delivery system that replaces the material in the interaction volume for each x-ray burst. This guarantees that consecutive x-ray pulses do not probe sample molecules that are damaged by previous x-ray probe or optical pump pulses. This requirement is met here with in vacuum liquid jet technology.
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The liquid jet nozzles (purchased from Microliquids GmbH) are specially designed for the liquid to run in the laminar flow regime. 26 The length of this laminar flow re- gion in vacuum is usually on the order of a few millimeters before the jet starts to break up to form droplets. The xray beam crosses the jet in the laminar flow region. The diameter of the liquid jet in the laminar flow region is well defined and of a similar size as the inner diameter of the nozzle, which was 20 µm for the experiments presented here. The liquid is frozen in a cold trap once it passes the interaction region ( Figure 2 ). Typical flow rates are in the range of 1-2 ml/min. At these flow rates, assuming a 20 µm jet, the sample in a 100 µm high interaction region is replaced at a rate of 0.5-1 MHz. This ensures that each FEL pulse hits a fresh volume of the sample (typical warm linac based FELs operate around 100 Hz repetition rate (LCLS up to 120 Hz), while superconducting linacs reach around 1 MHz repetition rates (FLASH, XFEL)). At BESSYII, with a 500 MHz repetition rate, this is not the case, but the sample is still continuously replenished, minimizing radiation damage and avoiding thermal degradation processes which take place on time scales longer than a millisecond.
For pumping the liquid sample into the vacuum, a commercial HPLC (high-performance liquid chromatography) pump system from Jasco Inc. was used. The pump system consists of a degasser, a mixer and a pump ( Figure 2 ). The liquid sample flows first into the degasser where the gaseous components are removed. Degassing the liquid is important to ensure stable flow of the jet. Following the degasser, the liquid arrives to the 3-channel mixer unit which allows easily to mix and switch be- tween up to three different liquids without interrupting the flow of the jet. The sample then runs through the HPLC pump unit which pumps the sample under pressure of 10-100 bar into the vacuum of the experimental chamber.
B. The RIXS spectrometer
The optical layout of our RIXS spectrometer is the Graze spectrometer XES 350 29 , which is a grazing- incidence spherical concave grating spectrometer with Rowland geometry mounting. The spectrometer is equipped with an entrance slit where the size can be continuously varied between 400 µm and 0 µm (Figure 1 and 2 ). As discussed in detail below, the dimensions of the liquid jet create a geometrically well defined source that allows the spectrometer to operate with a fully opened slit in "slitless mode" to enhance the transmission of the spectrometer without deteriorating the resolution.
The spectrometer houses three different gratings which can be selected by adjusting the position of the grating selector baffles in front of the gratings ( Figure 2 ). In Figure 3 we show the efficiency of the gratings over a wide photon energy range. Table I lists the energy ranges and energy resolutions reachable with the current spectrometer taking into account also the mechanical constraints in positioning of the detector. The spectrometer is mounted in a 90
• scattering geometry with respect to the incident x-ray beam ( Figure 1 ).
C. The detection scheme
To record RIXS spectra, the spectrometer is equipped with a detector unit that consists of a MCP stack, a phosphor screen and a CCD. The detector unit has single photon sensitivity, multihit capablity and it can be read out for each x-ray burst at an FEL source. This effort is necessary to avoid averaging RIXS spectral features that depend upon the statistically varying SASE (self amplified spontaneous emission) x-ray pulses. By avoiding averaging, we can sort and bin the data based on the values of key parameters (for example with respect to incident intensity or with respect to pump-probe delay in tr-RIXS experiments).
Due to the high peak flux of FELs, an important aspect necessary to consider is the linear range of the detector used in the experiment. At the SXR beamline of LCLS, the unmonochromatized beam at 540 eV delivers about 8·10
12 photons per pulse to the experiment. Using ethanol in the jet resulted on average in 330 counts per pulse at our detector (shot by shot readout was possible at LCLS due to the repetition rate of 60 Hz). This is at the limit of the single photon counting regime for our detector where the individual counts are still distinguishable and not merged. Due to monochromatization and attenuation the count rates of the actual measurements at LCLS were well in the linear regime, typically in range of 0.1-10 counts per pulse. Because of the possibility of more than one count per pulse, the multi hit capability of the detector becomes essential. For this reason a CCD detector was employed and not a resistive anode or a delay line detector commonly used with these type of spectrometers at synchrotrons. For the BESSYII experiments the same detector arrangement is used. There, the CCD camera is read out at 15 Hz which always results in less than 100 counts per frame.
D. The efficiency of the system
In order to determine the feasibility and data acquisition time for a planned experiment, we need to consider the total efficiency of the setup. The product of the grating efficiency and the transmission of the foil are plotted in Figure 3 . With the acceptance of 10 −5 for isotropic radiation of the source 29 , with the transmission of the gratings and foil of 10% and with the 10% detector efficiency 29, 30 , the overall efficiency of the spectrometer is on the order of 10 −7 .
E. The slitless mode of operation
Due to the low cross section for soft x-ray RIXS it is crucial to maximize the efficiency of the spectrometer. With a sub-100 µm jet as the sample we can increase the acceptance of the spectrometer by opening the entrance slit (slitless mode of operation). This mode of operation is characterized below.
The liquid jet runs vertically from the nozzle above into a cryogenic trap below as depicted in Figure 1 . The RIXS spectrometer is mounted in the relative orientation where the jet is parallel to the lines of the grating (jet is parallel to the sagittal plane, Figure 1 ). The vertically elongated source volume is defined by the overlap of the liquid jet and the x-ray beam. We now exemplify the advantages of the slitless operation for this experimental arrangement using grating G1. The acceptance angles for grating G1 at a jet-slit distance of 10 mm are 0.5
• and 8.1
• in the meridional and sagittal plane, respectively. The typical width of the source is 20 µm (jet diameter) and typical height of the source is 100 µm (vertical synchrotron beam focus size with beamline slit set to 100 µm). It follows that at the spectrometer entrance slit the width (height) of the accepted x-ray emission beam is 105 µm (1520 µm). In order not to lose any light at the entrance slit (Figure 1) , the slit thus has to be opened wider than 105 µm. This defines the slitless mode of operation. Closing the slit down to 20 µm decreases the count rate by a factor of 5 without any gain in resolution. 
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Photon energy (eV) At the LCLS SXR beamline, we could further utilize the bendable mirror refocusing optics, and create an elongated focal spot along the liquid jet. This allowed us to reduce the incident fluence without decreasing the photon flux. This is possible because the acceptable source length of the RIXS spectrometer in this direction (z-axis in Figure 1 ) is several millimetres. The control of the incident x-ray fluence is very important as the power of the FEL x-ray burst must stay below the radiation damage threshold to study properties that are not influenced by the x-rays (discussed in Section III).
F. Sensitivity to source position and stability
In the slitless mode, the liquid jet is displaced from its ideal position on the Rowland circle due to the distance between the spectrometer entrance slit and the actual liquid jet position. We need to compensate this deviation by repositioning the detector. Figure 4 depicts displacements of the source along the x-axis (along the x-ray beam, Figure 1 ) and along the yaxis (perpendicular to the x-ray beam and along the optical axis of the spectrometer). According to equation 22 in Ref. 35 , the best position of the detector (meridional focus) is found if the detector is positioned at a distance r ′ from the grating:
where α and β are the angle of incidence and diffraction, respectively. The conventional definitions for the angles α and β are used ( Figure 4) . R is the curvature radius of the grating and r = R cos α + y is the distance between the grating and the source with y being the distance between the Rowland circle and the source (along the line connecting the centre of the grating and the source, see Figure 1 and 4). The Rowland geometry is a special case of equation 1 where r = R cos α and r ′ = R cos β. Figure 5 depicts the measured and calculated results for the relationship between resolution and count rate and the displacements of the liquid jet. At the BESSYII U41-PGM beamline, we measured the oxygen K-emission spectrum of pure ethanol. Grating G1 was used in second order. The entrance slit of the spectrometer was fully open (∼400 µm) and the incident photon energy was set to 550 eV. Figure 5a shows how the position of the image focus depends on the displacements of the jet if the jet is moved along the y-axis. The position of the focus is defined as l f = R cos β − r ′ (see also Figure 4 ). For each y-position of the jet, the optimal focus was found by moving the detector along the ray of emitted radiation and observing the resolution of the emission spectrum. We found an approximately linear relationship in agreement with equation 1. The count rate is unaffected by this displacement (not shown). The displacement of the jet with respect to the Rowland circle thus needs to be compensated by an approximately equal amount in the detector displacement in order to keep the resolution constant. The general condition given by equation 1 does not minimize the optical aberrations as well as the Rowland circle condition. 35, 36 By displacing the source away from the Rowland circle one increases the magnitude of aberrations and a question arises whether this affects the resolution. Our results in Figure 5a show however that in the range of distances up to 25 mm between the jet and the entrance slit, the effect on the resolution is negligible. The insensitivity of the resolution to the jet position reflects the dominant role of the 20 µm source width on the spectrometer resolution and the small displacement from the Rowland circle relative to the distance between the grating and the slit: y/(R cos α) < 1%. The count Table II. rate and resolution are thus clearly unaffected by mmmovements of the jet along the optical axis of the spectrometer (y-axis, Figure 1 and 4) .
The situation is different when the jet is moved along the x-ray beam (along the x-axis, Figure 1 and 4) as the results in Figure 5b show. Then the measurement in slitless mode is very sensitive to movements of the jet. These movements change the angle of incidence on the grating. According to the grating equation this directly translates to shifts in the measured spectra. We recorded x-ray emission spectra for several x-positions of the jet. We found that jet movements on the order of 100 µm change the apparent energy of spectral lines on the detector by 2 eV (Figure 5b ). The count rate stays constant over the range of ∼400 µm which corresponds to the size of the fully opened entrance slit. It follows that it is very important to control the position of the jet. In addition, one needs to apply great caution when comparing spectra measured at different relative alignments of jet and spectrometer. We note that during the experiments, we typically observe no drifts or vibrations of the liquid jet in the order of approximately 1/4 of the jet diameter (resolution of the microscope looking at the jet).
III. RESULTS
In Figure 6 we show how RIXS spectra of the solvents ethanol and methanol measured at BESSYII and at LCLS compare. The spectra were recorded at an incident photon energy of 540 eV in the broad main-edge feature of the x-ray absorption spectra with an excitation bandwidth of 3 eV. We observe for both ethanol Table III. and methanol the typical splitting of the highest energy emission peak. 37, 38 The spectra measured at LCLS (Figure 6b ) compare well to the results from BESSYII (Figure 6a) , despite peak fluence of 1.0 photons/(ps × µm 2 ) at the synchrotron and 1.3 · 10 6 photons/(ps × µm 2 ) at LCLS. In Figure 6 the accumulation time of the BESSYII spectra was 30 min (3600 cts/s) and the accumulation time of the LCLS spectra was 40 min (7 cts/s). For a detailed comparison of incident flux, photons per pulse, repetition rate, pulse length, focus spot size, peak fluence and count rates in the methanol experiments see Table II . For peak fluences exceeding 8 · 10 6 photons/(ps × µm 2 ) at LCLS we detected considerable changes of the spectrum, which we took as an upper threshold for our measurements. Similar threshold fluences were observed for ethanol and methanol.
In Figure 7 , we show the Fe L 3 -edge RIXS spectra measured at BESSYII and at LCLS from Fe(CO) 5 with a concentration of 1 mol/l in ethanol. The parameters for this measurement are summarized in Table III . The RIXS spectra were measured at an incident photon energy of 711.5 eV which corresponds to the main absorption peak of Fe(CO) 5 at the iron L 3 edge. Figure 7a depicts two spectra measured with different polarization at a beamline with variable polarization at BESSYII. Inelastic RIXS features remain unchanged while the intensity of the elastic peak changes in accordance with the cos 2 θ law for elastic scattering (θ is the angle between the polarization plane of the incident radiation and the detection direction of the scattering radiation).
For peak fluences exceeding 5·10 7 photons/(ps × µm 2 ) at LCLS we detected considerable changes in the Fe L 3 Table II . Relevant experimental parameters for the measurements of liquid methanol RIXS spectra at the LCLS SXR beamline and at the BESSYII U41-PGM beamline. RIXS spectra are displayed in Figure 6 . The incident photon energy was 540 eV with a 3 eV bandwidth (FWHM). edge RIXS spectrum of the Fe(CO) 5 solution. For this reason the FEL beam intensity was decreased during the experiment using the gas attenuator installed in front of the beamline. It is clear from the comparison of spectra in Figure 7 that the RIXS spectrum measured at LCLS reproduces the spectrum measured at BESSYII without any distortions although the incident peak fluence was 10 10 times larger at LCLS (Table III) . In Figure 7 the accumulation time of the vertical polarization BESSYII spectrum was 15 min (10 cts/s) and the accumulation time of the horizontal polarization LCLS spectra was 4 min (480 cts/s).
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We compare now the observed threshold peak fluence values for pure methanol/ethanol and for Fe(CO) 5 ethanol solution. Distortions in the oxygen O K-edge RIXS spectra from pure methanol/ethanol were present if peak fluences of 8 · 10 6 photons/(ps × µm 2 ) were reached (540 eV incident photon energy) and distortions in the Fe L 3 -edge RIXS spectra from Fe(CO) 5 solution were found starting at peak fluences 5 · 10 7 photons/(ps × µm 2 ). Therefore the threshold peak fluence for the Fe(CO) 5 solution is ∼6 times higher than for the pure methanol/ethanol.
Spectral distortions present in the RIXS spectra at high fluences are due to scattering of incident photons with already (valence) excited and/or distorted molecules created from interaction of photons in the beginning of the x-ray pulse. For a complete understanding of the observed fluence effects calculations taking into account details of the electronic structure and all relaxations chan- nels are necessary. Therefore we make no attempt here to generalize our results to other compunds. We note that the threshold for fluence dependent radiation damage depends on the specific sample and it is essential to determine this experimentally in case of a new sample and/or photon beam parameters.
IV. CONCLUSIONS
We have demonstrated the feasibility of soft x-ray RIXS experiments in liquid phases at FELs with a novel experimental setup combining an x-ray emission spectrometer with an in vacuum liquid jet. Due to very high peak fluences at FELs a new type of radiation damage effect occurs which is not present at synchrotron light sources. This fluence dependent radiation damage effect sets a limit for the maximum incident photon flux possible to use at FELs and thus limits the count rate in RIXS experiments. Compared to the stateof-the-art synchrotron beamline U41-PGM at BESSYII, at least a factor of 40 smaller incident photon fluxes were necessary to use at the LCLS SXR beamline in experiments on pure bulk samples (corresponding to 8 · 10 6 photons/(ps × µm 2 ) threshold fluence of methanol at 160 fs pulse length). For the case of a dilute sample we observed a higher threshold for fluence dependent radiation damage. This makes it feasible to perform experiments on dilute samples with practically the same count rate at LCLS as at the beamlines of BESSYII. We also note that the possibility to adjust x-ray pulse length and spot size could make it possible in the future to utilize the full photon flux available at FELs.
The setup can be used for femtosecond time-resolved experiments in a conventional pump-probe scheme provided by the FEL facilities. In addition, the setup can also be used for complementary static experiments at synchrotron facilities. All this makes the setup ideal for novel experiments on molecular dynamics and real-time chemistry in the liquid phase.
